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Abstract
Beta decay and electron capture on isotopes of chromium are advocated to
play a key role in the stellar evolution process. In this paper we endeavor to
study charge-changing transitions for 24 isotopes of chromium (42−65Cr). These
include neutron-rich and neutron-deficient isotopes of chromium. Three differ-
ent models from the QRPA genre, namely the pn-QRPA, the Pyatov method
(PM) and the Schematic model (SM), were selected to calculate and study the
Gamow-Teller (GT) transitions in chromium isotopes. The SM was employed
separately in the particle-particle (pp) and pp + particle-hole (ph) channels. To
study the effect of deformation, the SM was first used assuming the nuclei to
be spherical and later to be deformed. The PM was used both in pp and pp +
ph channels but only for the case of spherical nuclei. The pn-QRPA calculation
was done by considering both pp and ph forces and taking deformation of nu-
cleus into consideration. A recent study proved this version of pn-QRPA to be
the best for calculation of GT strength distributions amongst the QRPA mod-
els. The pn-QRPA model calculated GT distributions had low-lying centroids
and small widths as compared to other QRPA models. Our calculation results
were also compared with other theoretical models and measurements wherever
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available. Our results are in decent agreement with previous measurements and
shell model calculations.
Keywords: pn-QRPA, Pyatov method, Schematic model, Gamow-Teller
strength distributions, chromium isotopes.
1. Introduction
Gamow- Teller (GT) transitions play an important role in many astrophys-
ical events in universe. As soon as the iron core of a massive star exceeds
the Chandrasekhar mass limit, the degenerated pressure of electron gas can no
longer support the core, and the core starts to collapse. During early stages of
collapse many important nuclear processes, such as β decays, electron captures,
neutrino absorption and inelastic scattering on nuclei, appear. These reactions
are mainly governed by GT (and Fermi) transitions. GT transitions for fp-
shell nuclei are considered very important for supernova physics (Fuller et al.,
1980,1982,1985). The GT transitions, in fp-shell nuclei, play decisive roles in
presupernova phases of massive stars and also during the core collapse stages of
supernovae (specially in neutrino induced processes). At stellar densities ∼ 1011
gcm−3, for fp-shell nuclei, the electron chemical potential approaches the same
order of magnitude as the nuclear Q-value. Under such conditions, the β-decay
rates are sensitive to the detailed GT distributions. Consequently centroids and
widths of the calculated GT distributions function become important. For still
higher stellar densities, the electron chemical potential is much larger than nu-
clear Q-values. Electron capture rates become more sensitive to the total GT
strength for such high densities. To achieve a better understanding of these
notoriously complex astrophysical phenomena, a microscopic calculation of GT
strength distributions (along with the total strength, centroid and width of these
distributions) is in order.
The GT transitions are extremely sensitive to two-body interactions. The
GT excitations deal with the spin-isospin degree of freedom and are executed
by the στ±,0 operator, where σ is the spin operator and τ±,0 is the isospin
operator in spherical coordinates. The plus sign refers to the GT+ transitions
where a proton is changed into a neutron (commonly referred to as electron
capture or positron decay). On the other hand, the minus sign refers to GT−
transitions in which a neutron is transformed into a proton (β-decay or positron
capture). The third component GT0 is of relevance to inelastic neutrino-nucleus
scattering for low neutrino energies and would not be considered further in
this manuscript. Total GT− and GT+ strengths (referred to as B(GT )− and
B(GT )+, respectively, in this manuscript) are related by Ikeda Sum Rule as
B(GT )− −B(GT )+ = 3(N − Z), where N and Z are numbers of neutrons and
protons, respectively (Ikeda et al., 1963). Given nucleons are treated as point
particles and two-body currents are not considered, the model independent Ikeda
Sum Rule should be satisfied by all calculations.
Not many measurements of GT strength in chromium isotopes have been
performed to the best of our knowledge. The decay of 46Cr was first studied by
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(Zioni et al., 1972), who used the 32S(16O,2n) reaction to produce 46Cr. Onishi
and collaborators (Onishi et al., 2005) observed the β-decay of 46Cr to the 1+1
state at 993 keV excitation energy in 46V. The T = 1 nuclei decay to the T = 0
and 1+ states of daughter nuclei were called favored-allowed GT transitions
and possessed a signature small ft value. The experiment was performed at
RIKEN accelerator research facility. Two sets of independent measurement of
B(GT )− strength for
50Cr were also performed. Fujita et al. did a 50Cr(3He,
t)50Mn measurement up to 5 MeV in daughter (Fujita et al., 2011). On the
other hand Adachi and collaborators (Adachi et al., 2007) were able to perform
a high resolution 50Cr(3He, t)50Mn measurement at an incident energy of 140
MeV/nucleon and at 00 for the precise study of GT transitions. The experiment
was performed at RCNP, Japan. Owing to high resolution the authors were able
to measureB(GT )− strength up to 12MeV in
50Mn. At higher excitations above
the proton separation energy, a continuous spectrum caused by the quasifree
scattering appeared in the experiment. Nonetheless there is a need to perform
more experiments to measure GT transitions in fp-shell nuclei. Next-generation
radioactive ion-beam facilities (e.g. FAIR (Germany), FRIB (USA) and FRIB
(Japan)) are expected to provide us measured GT strength distribution of many
more nuclei. It is also expected to observe GT states in exotic nuclei near
the neutron and proton drip lines. However simulation of astrophysical events
(e.g. core-collapse supernovae) requires GT strength distributions ideally for
hundreds of nuclei. As such experiments alone cannot suffice and one has to
rely on reliable theoretical estimates for GT strength distributions.
Isotopes of chromium are advocated to play an important role in the presu-
pernova evolution of massive stars. Aufderheide and collaborators (Aufderheide et. al.,
1994) searched for key weak interaction nuclei in presupernova evolution. Phases
of evolution in massive stars, after core silicon burning, were considered and a
search was performed for the most important electron capture and β-decay nu-
clei for 0.40 ≤ Ye ≤ 0.50 (Ye is lepton-to-baryon fraction of the stellar matter).
The rate of change of Ye during presupernova evolution is one of the keys to
generate a successful explosion. From their calculation, electron captures on
51−58Cr and β-decay of 53,54,55,56,57,59,60Cr were found to be of significant as-
trophysical importance, regarding their abundance and weak rates, to control
Ye in stellar matter. Heger and collaborators (Heger et. al., 2001) performed
simulation studies of presupernova evolution employing shell model calculations
of weak-interaction rates in the mass range A = 45 to 65. Electron capture
rates on 50,51,53Cr were found to be crucial for decreasing the Ye of the stel-
lar matter. Similarly, it was shown in the same study that β-decay rates of
53,54,55,56Cr played a significant role in increasing the Ye content of the stel-
lar matter. There exists a strong connection between supernova explosion and
the r-process nucleosynthesis (Cowan & Thielemann, 2004). These and similar
studies of presupernova evolution provided us the motivation to perform a de-
tailed study of GT transitions for chromium isotopes. In this work we calculate
and study GT distributions of twenty-four (24) isotopes of chromium, 42−65Cr,
both in the electron capture and β-decay direction.
The theoretical formalism used to calculate the GT strength distributions
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in the PM, SM and pn-QRPA models is described briefly in the next section.
We compare our results with other model calculations and measurements in
Section 3. A decent comparison would put more weight in the predictive power
of the QRPA models used in this work. It is pertinent to mention again that
our calculation includes many neutron-rich and neutron-deficient isotopes of
chromium for which no experimental data is available for now. Core-collapse
simulators rely heavily on reliable theoretical estimates of the corresponding
weak rates in their codes. Section 4 finally summarizes our work and states the
main findings of this study.
2. Theoretical Formalism
GT strength distributions of 42−65Cr isotopes were calculated by using three
different (microscopic) quasiparticle random phase approximation (QRPA) mod-
els namely the pn-QRPA ((Staudt et. al., 1990; Hirsch et al., 1993)), the Pyatov
Method (PM) and the Schematic Model (SM) (for details see (Pyatov & Salamov,
1977; Babacan et al., 2004, 2005,a)). The QRPA treats the particle-particle (pp)
and hole-hole amplitudes in a similar way as in particle-hole (ph) amplitudes.
The QRPA takes into account pairing correlations albeit in a non-perturbative
way. Earlier a similar study for calculation of GT transitions for key titanium
isotopes, using the same models, was performed (Cakmak et. al., 2014). It was
shown in Ref. (Cakmak et. al., 2014) that the pn-QRPA (C) (incorporating pp
and ph forces as well as deformations) was a far better model than pn-QRPA (A)
(basic model in which only the interaction in ph channel was considered) and
pn-QRPA (B) (including both pp and ph forces but no deformation). Further
the pn-QRPA (C) was the only model that was satisfying the Ikeda Sum Rule.
On the other hand, the SM and PM showed satisfying results in their respective
subcategories for calculation of GT transitions (Cakmak et. al., 2014). Based
on the results of (Cakmak et. al., 2014), we decided to categorize the PM and
SM models in two categories as Model (A) and Model (B). Model (A) is spherical
model with only ph channel, while Model (B) is also spherical with both ph and
pp interactions. The pp interaction is usually thought to play a less important
role in β− decay but shown to be of critical importance in β+ decay and electron
capture reactions (Hirsch et al., 1993). GT calculations have demonstrated de-
formation parameter to be one of the most important parameters in pn-QRPA
calculations (Stetcu & Johnson, 2004). The SM was also employed with pp +
ph interactions and deformation of nucleus and is referred to as SM (C) model
in this work. The pn-QRPA model was not categorized (for reasons mentioned
above) and incorporated pp + ph interactions as well as nuclear deformation. In
the PM, efforts for incorporation of deformation is currently in progress and it
is hoped that results would be reported in near future. To summarize GT calcu-
lation for twenty-four chromium isotopes, both in electron capture and β-decay
direction, was performed using six different models: SM (A), SM (B), SM (C),
PM (A), PM (B) and pn-QRPA in this work.
In this section, we give necessary formalism used in the PM, SM and pn-
QRPA models. Detailed formalism may be seen in (Cakmak et. al., 2014) and
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is not reproduced here for space consideration.
2.1. Pyatov Method (PM) and the Schematic Model (SM)
The SM Hamiltonian for GT excitations in the quasi particle representation
is given as
HSM = HSQP + hph + hpp, (1)
whereHSQP is the Single Quasi Particle (SQP) Hamiltonian, hph and hpp are the
GT effective interactions in the ph and pp channels, respectively (Cakmak et al.,
2010). The effective interaction constants in the ph and pp channel were fixed
from the experimental value of the Gamow-Teller resonance (GTR) energy and
the β -decay log(ft) values between the low energy states of the parent and
daughter nucleus, respectively. In order to restore the super symmetry property
of the pairing part in total Hamiltonian, certain terms, which do not commute
with the GT operator, were excluded from the total Hamiltonian and the bro-
ken commutativity of the remaining part due to the shell model mean field
approximation was restored by adding an effective interaction term h0:
[HSM − hph − hpp − V1 − Vc − Vls + h0, G
±
1µ] = 0, (2)
or
[HSQP − V1 − Vc − Vls + h0, G
±
1µ] = 0, (3)
where V1, Vc and Vls are isovectors, Coulomb and spin orbital term of the shell
model potential, respectively. The Gamow-Teller operators G±1µ were defined in
the following way:
G±1µ =
1
2
A∑
k=1
[σ1µ(k)t+(k) + ρ(−1)
µσ1−µ(k)t−(k)](ρ = ±1), (4)
where σ1µ(k) = 2s1µ(k) is spherical component of Pauli operators, t± = tx(k)±
ity(k) are the raising and lowering isospin operators. The restoration term h0
in Eq. (3) was included in a separable form:
h0 =
∑
ρ=±
1
2γρ
∑
µ=0,±1
[HSQP − Vc − Vls − V1, G
ρ
1µ]
†·
[HSQP − Vc − Vls − V1, G
ρ
1µ]. (5)
The strength parameter γρ of h0 effective interaction was found from the com-
mutation condition in Eq. (3) and the following expression was obtained for this
constant (for details see Ref. (Salamov et al., 2006)):
γρ =
ρ
2
〈0|[[HSQP − Vc − Vls − V1, G
ρ
1µ], G
ρ
1µ]|0〉.
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The total Hamiltonian of the system according to PM is
HPM = HSQP + h0 + hph + hpp. (6)
The GT transition strengths were calculated using the formula:
B
(±)
GT (ωi) =
∑
µ
〈1+i,µ|G
±
1µ|0
+〉2, (7)
where ωi are the excitation energy in the nucleus. The β
± transition strengths
were defined as
B(GT )± =
∑
i
B
(±)
GT (ωi), (8)
and are required to fulfill the Ikeda Sum Rule (ISR)
ISR = B(GT )− −B(GT )+ ∼= 3(N − Z). (9)
Detailed mathematical formalism maybe seen in (Cakmak et. al., 2014). As
shown above, the main difference between the PM and SM models is that the
effective interaction term ( h0) is not added to the total Hamiltonian in the SM.
The h0 term can make width and centroid values in the PM lower than corre-
sponding values in SM (for further details, see Refs. (Babacan et al., 2005,a;
Cakmak et al., 2010; Selam et al., 2004; Salamov et al., 2003)).
2.2. The pn-QRPA Method
The Hamiltonian of the pn-QRPA model is given by
HQRPA = Hsp + V pair + V phGT + V
pp
GT . (10)
Single particle energies and wave functions were calculated in the Nilsson model
which takes into account nuclear deformation. Pairing in nuclei was treated
in the BCS approximation. In the pn-QRPA model, proton-neutron residual
interaction occurs through both pp and ph channels. Both the interaction terms
were given a separable form. For further details see Ref. (Hirsch et al., 1993).
The reduced transition probabilities for GT transitions from the QRPA ground
state to one-phonon states in the daughter nucleus were obtained as
B±GT (ω) = |〈ω, µ‖t±σµ‖QRPA〉|
2, (11)
where the symbols have their usual meaning. ω represents daughter excitation
energies. µ can only take three values (-1, 0, 1) and represents the third com-
ponent of the angular momentum. The β± transition strengths were calculated
as in Eq. (8) and satisfied the ISR (Eq. (9)).
For odd-A nuclei, there exist two different types of transitions: (a) phonon
transitions with the odd particle acting only as a spectator and (b) transitions
of the odd particle itself. For case (b) phonon correlations were introduced to
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one-quasiparticle states in first-order perturbation. For further details, we refer
to (Hirsch et al., 1993).
Experimentally adopted values of the deformation parameters, for even-even
isotopes of chromium (48,50,52,54Cr), extracted by relating the measured energy
of the first 2+ excited state with the quadrupole deformation, were taken from
(Raman et. al., 1987). For other cases the deformation of the nucleus was cal-
culated as
δ =
125(Q2)
1.44(Z)(A)2/3
, (12)
where Z and A are the atomic and mass numbers, respectively, and Q2 is the
electric quadrupole moment taken from Mo¨ller and collaborators (Mo¨ller et al.,
1981). Q-values were taken from the recent mass compilation of Audi and
collaborators (Audi et al., 2003).
3. GT± Strength Distributions
Our ultimate goal is to calculate reliable and microscopic weak rates for
astrophysical environments, many of which cannot be measured experimentally.
The theoretical calculation poses a big challenge. For example, it was concluded
that β-decay and capture rates are exponentially sensitive to the location of GT+
resonance while the total GT strength affect the stellar rates in a more or less
linear fashion (Aufderheide et. al., 1996). Weak rates, with an excited parent
state, are required in sufficiently hot astrophysical environments. But rates from
excited states are difficult to get: an (n, p) experiment on a nucleus (Z,A) shows
where in (Z− 1, A) the GT+ centroid corresponding only to the ground state of
(Z,A) resides. The calculations, described in this paper, are also limited only to
ground state parents, although we hope to tackle excited parents in the future.
For a discussion on calculation of excited state GT strength functions using the
pn-QRPA model we refer to (Nabi & Klapdor-Kleingrothaus, 1999,a, 2004).
For this paper, we focus on the variation in calculations of GT strength
distribution using different QRPA models, to give us an idea of the theoretical
uncertainty. We multiply results of all QRPA calculations by a quenching factor
of f2q = (0.6)
2 (Vetterli et al., 1989; Cakmak et. al., 2014) in order to compare
them with experimental data and prior calculations, and to later use them in
astrophysical reaction rates. The re-normalized Ikeda sum rule in all our models
subsequently translates to
Re− ISR = B(GT )− −B(GT )+ ∼= 3f
2
q (N − Z). (13)
We first present the calculated GT distributions using all our six QRPA
models for all twenty-four isotopes of chromium. We divide the isotopes of
chromium into even-even and odd-A categories. To save space we only show
the calculated total B(GT ) strength, centroid and width of the GT strength
distributions, in both electron capture and β-decay directions, for all chromium
isotopes.
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The total GT strength plays a very important role for the weak rates in
stellar environment. They affect the stellar rates in a more or less linear fash-
ion (Aufderheide et. al., 1996). Fig. 1 compares the calculated total B(GT )−
strength values using all six QRPA models. The upper panel shows result
for even-even isotopes whereas the lower panel those for odd-A isotopes of
chromium. The total B(GT )− strength increases as the mass number increases.
In case of even- A Cr isotopes, all six models calculate similar results for to-
tal GT strength in β− direction up to 52Cr isotope. Beyond this isotope, the
SM (C) calculates bigger strength than other models. In odd-A Cr isotopes,
the SM (C) model again shows a tendency to calculate bigger strength values.
The SM (A), SM (B), PM (A) and PM (B) models calculate, in general, lower
strength values. Beyond 53Cr isotope, the difference between the calculated
values of the SM (C) and the pn-QRPA starts to increase with increasing mass
number.
On the other hand, the total B(GT )+ strength should decrease monotoni-
cally with increasing mass number (separately for even-even and odd-A cases).
For even-even isotopes of chromium, this trend is followed by the pn-QRPA,
SM (A) and SM (B) models (Fig. 2). For the odd-A nuclei, only the pn-QRPA
model follows this trend. It is noted that SM (C) model has a tendency to
calculate biggest strength values whereas PM (B) the smallest. The difference
between the two model calculations tends to increase with mass number. For
odd-A isotopes of chromium, all QRPA models, except SM (C), calculate almost
same strength beyond 51Cr.
We next present the comparison of the calculated centroids of the GT dis-
tributions within the six QRPA models. The β-decay and capture rates are
exponentially sensitive to the location of GT+ resonance (Aufderheide et. al.,
1996) which in turn translates to the placement of GT centroid in daughter.
Fig. 3 shows the calculated GT centroids, in units of MeV, for even-even and
odd-A isotopes of chromium in the β-decay direction. The figure shows that,
in general, the SM (C) model places the centroid at high excitation energies in
manganese isotopes whereas the pn-QRPA at much lower energies. The other
model calculations fall in between. The inclusion of particle-particle interaction
affects the centroid results in the PM model. In general, it places the centroid
at higher excitation energies in daughter. The SM (A) and SM (B) models
calculate almost identical centroids. There is not much spread in the calculated
centroid values by the pn-QRPA model. The calculated centroid values, in the
case of pn-QRPA model, lies within the range 4–10 MeV for all 24 isotopes of
chromium.
Fig. 4 displays the calculated centroids of the GT strength distributions in
the electron capture direction for all 24 isotopes of chromium. Once again the
figure shows that the SM (C) model possess a tendency of placing the cen-
troids at high excitation energy in daughter. Except for 42Cr, the deformation
increases the centroid values by more than a factor of 2–3 in the SM. The pn-
QRPA model, on the other hand, calculates low-lying centroids. The pn-QRPA
calculated centroid values are up to factor of 2–3 smaller than other models in
all even Cr isotopes except for 60,62Cr. The spread in the calculated centroid
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values is again low for the pn-QRPA model, unlike other QRPA models, and
lies roughly within the range of 2–9 MeV. The lower panel of Fig. 4 shows that
inclusion of deformation in the SM results in placement of centroid at higher
excitation energies akin to the case of even-even chromium isotopes.
The widths of calculated GT distribution give an idea how much the indi-
vidual GT 1+ states are scattered about the centroid value. The widths were
calculated for all six models and the results are shown in Fig. 5 and Fig. 6.
Whereas Fig. 5 shows the calculated widths, in units of MeV, in the β-decay
direction, Fig. 6 displays the calculated widths of all GT distributions in the
electron capture direction. The figures show the fact that the pn-QRPA model
calculates low widths between 2 and 5 MeV in both directions. For calculated
GT distributions in the β-decay direction, Fig. 5 shows that the PM (B) and
SM (C) models calculate bigger widths between 8 and 10 MeV for even-even
isotopes. For odd-A cases big widths in same range are calculated by the SM (C)
and PM (A) models (Fig. 5). The effect of deformation on SM model can be
seen by comparing the SM (B) and SM (C) models. For even-even chromium
isotopes it is noted that deformation of nucleus leads to increased width val-
ues except for neutron-deficient and neutron-rich isotopes. Similarly, all QRPA
models in Fig. 6 calculate big widths except for the pn-QRPA model.
Fig. 1 – Fig. 6 show the fact that the pn-QRPA calculatedB(GT )− (B(GT )+)
strength increases (decreases) monotonically with increasing mass number. Fur-
ther the pn-QRPA model calculates low-lying centroid values in daughter and
also calculate smaller widths for the GT distributions. Other models show dis-
parate results for calculated GT strength distributions. The SM (C) model has
a tendency to calculate bigger GT strengths, centroids and widths for the GT
distributions. The PM (B) model generally calculates low GT strength values.
We also wanted to check how our six models perform when it comes to
satisfying the model-independent Ikeda Sum Rule (ISR) (Eq. (13)). Fig. 7
shows the result. In Fig. 7 the solid line is the theoretically predicted value
of re-normalized ISR and is shown to guide the eye. Fig. 7 shows that the re-
normalized ISR is obeyed by all models for even-even cases. For odd-A cases it is
only the pn-QRPA model that obeys Eq. (13). The SM (C) model does the best
to satisfy Eq. (13) among the SM and PM models for odd-A chromium isotopes.
The deviations increase with increasing mass number for the remaining QRPA
models. Perhaps 2p − 2h configuration mixing can account for the missing
strength in the PM and SM models. The pn-QRPA model obeyed the ISR.
After the mutual comparison of the six QRPA model calculations of GT
strength distribution for the twenty-four chromium isotopes, we wanted to see
how our calculations compare with other theoretical models and measurements.
We short-listed three of the best QRPA models for the sake of this comparison.
Amongst the Schematic Model we chose the SM (C) model. The choice was
rather straight forward as this model was performing GT calculation in both pp
and ph channels and also taking the deformation of nucleus into consideration.
From PM model, PM (B) was the better choice. Consequently, the pn-QRPA,
SM (C) and PM (B) models were short-listed for the sake of comparison with
other work. We searched the literature for previous calculations/measurements
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of GT strength distribution in isotopes of chromium and found a few results.
Below we compare our calculations with these previous findings.
One can find unique information on nuclear structure in the mid-fp shell
region by a study of GT decay in 46Cr. Besides measuring the favored-allowed
GT transition in 46V, the authors (Onishi et al., 2005) also calculated the corre-
sponding GT matrix element using the shell model. Three different interactions,
namely the KB3G (Poves et al., 2001), FPD6 (Richter et al., 1991) and GXPF2
(Honma et al., 2002), were employed to perform the shell model calculation by
the authors. (For a recent comparison between QRPA and shell model cal-
culated GT strength distributions, see (Nabi & Johnson, 2013).) The authors
use a standard quenching factor of (0.74)2 in their calculation. In Table 1, we
compare our calculated B(GT )+ values for
46Cr with the measured and calcu-
lated results of Onishi and collaborators. We also compare our results with the
phenomenological quasideutron (QD) model (Lisetskiy et al., 2001) in Table 1.
It can be seen from Table 1 that the closest value for the measured B(GT )+
to the 1+1 state is the value obtained by shell model using the two body FDP6
interaction. However, our pn-QRPA calculated value of 0.49 is also very close
to the FPD6 value and subsequently to the measured result obtained by Onishi
et. al. The SM (C) model gives a value of 0.19 for this GT transition. The
calculated total B(GT )+ value using the PM (B) model is 0.35 up to 9.53 MeV
in 46V. However PM (B) does not calculate any GT strength up to 1 MeV and
hence was not included in Table 1. It can be concluded that pn-QRPA model
and shell model using FDP6 interaction give a better description of the experi-
mental result for total B(GT )+ value of
46Cr compared with other calculations.
Bai and collaborators performed a Hartree-Fock-Bogoliubov + QRPA cal-
culation using Skyrme interactions for GT states in N = Z nuclei (Bai et al.,
2013). The idea was to study the role of T = 0 pairing in the GT states. For
this they scaled their pairing interactions with a factor f which was varied from
0.0 (null pairing) to 1.7 (strong pairing). Their GT calculation for 48Cr is repro-
duced from their paper and shown as Fig. 8. The figure shows that with increase
in pairing strength, the centroid of the GT distribution shifts to lower excitation
energy. The authors calculated a total B(GT )− strength of 11.77. (It is to be
noted that the x-axis of Fig. 8 represents excitation energy in parent nucleus.)
The GT strength is distributed roughly over 15 MeV in parent. On the other
hand Fig. 9 shows our QRPA calculations of GT− strength distribution in
48Cr.
In all our calculations of GT strength distribution, the x-axis shows excitation
energy in daughter nucleus. All calculations (Fig. 8 and Fig. 9) show GT frag-
mentation. Whereas the pn-QRPA calculates bulk of the GT strength at low
excitation energy in daughter, the SM (C) model shifts the centroid to higher
excitation energy. In PM (B) model, the main peak is at around 2.2 MeV , but
GT 1+ states have been distributed up to 30 MeV in daughter. High-lying GT
states are also seen in the SM (C) model and main peaks lie in the energy range
of 20-25 MeV. The pn-QRPA model calculated a total B(GT )− strength of 3.33
and placed the centroid at 4.78 MeV. The SM (C) model calculated a similar
total strength of 3.37 but centroid placement was at much higher excitation
energy in 48Mn (15.4 MeV). On the other hand the PM (B) model calculated
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a very small strength of 0.16 and placed the energy centroid at 11.5 MeV in
daughter.
Exact diagonalization shell model calculation in them scheme using the KB3
interaction was performed by Caurier and collaborators (Caurier et al., 1994)
for 48Cr in the electron capture direction. The authors employed a quenching
factor of (0.77)2 in their calculation. Later Mart´ınez-Pinedo et. al. performed
a similar calculation for 49Cr (Mart´ınez-Pinedo et al., 1997). The authors re-
ported the value of 4.13 for total B(GT )+ of
49Cr in their paper. Further the
gross properties of even-even and N = Z nuclei with mass number 48 to 64 were
studied using the shell model Monte Carlo (SMMC) methods by Langanke and
collaborators (Langanke et al., 1995). Calculations were not done for odd-A
and odd-odd nuclei by SMMC because of a sign problem introduced by the pro-
jection of an odd number of particles. A quenching factor of (0.80)2 was used in
the calculation of total B(GT )+ for
48Cr using the SMMC method. Our QRPA
results are presented and compared with these calculations in Table 2. The
biggest value, for both total B(GT )+ and B(GT )− in
48Cr, is given by SMMC.
The SMMC and Shell Model results are very close to each other. Our QRPA
calculations give lower B(GT) values which we attribute to a bigger quenching
factor used in our models. For 49Cr, the PM (B) model calculates the lowest
strength. Shell Model did not report the total B(GT )− strength for
49Cr.
As mentioned earlier there were two different measurements of B(GT )−
strength for 50Cr in literature (Fujita et al., 2011; Adachi et al., 2007). Pe-
termann and collaborators (Petermann et al., 2007) performed large-scale shell
model (LSSM) calculation of the GT strength distributions in N ∼ Z fp-shell
nuclei (including 50Cr) using the KB3G residual interaction (Poves et al., 2001).
A quenching factor of (0.74)2 was used in the LSSM calculation. In Fig. 10, we
show the two experimental results, our model calculations and the calculation
by Petermann et. al. for B(GT )− strength distributions in
50Cr. Fragmenta-
tion of GT 1+ states exist in all cases except in the GT distribution calculated
by our PM (B) model. The pn-QRPA calculated strength distribution is in
very good agreement with the measured data. In the SM (C), GT strength ap-
pears at higher energies. There exist only one main peak in the PM (B) model.
GT 1+ states are mainly populated within energy interval of 3-7 MeV in both
pn-QRPA and Exp. 2. The KB3G calculation of Petermann et. al. shows a
wide spectrum of GT distribution covering states up to 15 MeV in daughter.
The pn-QRPA placed the centroid of the calculated B(GT )− strength distri-
bution at 4.81 MeV in daughter. The corresponding values calculated by the
SM (C) and PM (B) models are 19.16 MeV and 2.79 MeV, respectively. Fig. 10
shows that the pn-QRPA calculation has the best agreement with the available
experimental data.
Table 3 presents the comparison of our calculated total B(GT )− values for
50Cr with the measured data and LSSM. In this table the second column gives
total B(GT )− value up to 5 MeV in
50Mn whereas the last column gives the
strength up to 12 MeV in daughter. It can be seen from Table 3 that LSSM
results are in very good agreement with the measured data up to 5 MeV. The
PM (B) gives a good description of the experimental data for excitation energies
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up to 12 MeV. In this case the pn-QRPA and LSSM calculations give bigger
total B(GT )− values than the measured data.
We compare the total B(GT )+ for
50Cr with other theoretical calculations
in Table 4. Large scale 0~ω shell model calculations for fp-shell nuclei were
performed by Caurier et. al. (Caurier et al., 1995) using the KB3 residual
interaction. A quenching factor of (0.77)2 was used in the calculation. Re-
sults for total B(GT )+ for
50Cr along with other fp-shell nuclei were shown in
Fig. 2 of (Caurier et al., 1995). The SMMC calculated value was taken from
(Langanke et al., 1995). From Table 4 one notes that the Shell Model and
SMMC results are very close to each other. Our calculated total B(GT )+ val-
ues are lower than the corresponding LSSM and Shell Model results which we
again attribute to the bigger quenching factor used in our calculation. The
SM (C) and pn-QRPA models calculate similar strength values for 50Cr. The
PM (B) gives the lowest value for total B(GT )+ in
50Cr.
Petermann and collaborators (Petermann et al., 2007) also performed a large
scale shell model calculation of B(GT )− in
52Cr using the KB3G interaction.
We compare their results with our QRPA calculations in Fig. 11. The figure
displays the fact that in this particular case, the pn-QRPA and shell model
calculations produce a better fragmentation of GT 1+ states than the ones by
PM (B) and SM (C) models. In shell model calculation the GT states are
mainly concentrated between 5–15 MeV in daughter. The PM (B) model once
again fails to produce the required fragmentation in GT states and produce a
main peak at 9.9 MeV. In the SM (C) model, GT 1+ stated are calculated at
higher excitation energy (around 10-15 MeV). The pn-QRPA once again places
the energy centroid at low excitation energy of 5.41 MeV in 52Mn as against the
value of 15.54 MeV and 9.88 MeV calculated by SM (C) and PM (B) models,
respectively.
Our results for total B(GT ) strength (in both directions) for 52,53,54Cr are
compared with other theoretical models in Table 5. Nakada and Sebe (Nakada & Sebe,
1996) performed a large-scale shell model calculation for fp-shell nuclei by using
Towner’s microscopic parameters and using the KB residual interaction. The
authors incorporated a quenching factor of 0.68 in their Shell Model calcula-
tion. The results are shown in last row of Table 5. The Shell Model calculates
biggest value for total B(GT )− in
52,53,54Cr. The same model also calculate
biggest value for total B(GT )+ in
52,53Cr. SMMC (Langanke et al., 1995) cal-
culated total B(GT )+ only for even-even nuclei. They were unable to perform
calculations for odd-A nuclei for reasons mentioned earlier. The large scale shell
model calculations of total B(GT )− in
52,54Cr were also reported by Petermann
and collaborators (Petermann et al., 2007) and are in excellent agreement with
results of our SM (C) model. For 53Cr isotope, we see that the results of the
SM (C) and Shell Model for B(GT )+ are very close to each other. In case of
54Cr, the SM (C) model calculates the biggest value of total B(GT )+. Further,
it is noted that the SMMC, pn-QRPA and Shell Model results are close to each
other. It is clear from Table 5 that the Shell Model results of Nakada and Sebe
are way too big and requires further quenching of strength in β-decay direction.
In Fig. 12, GT strength distributions for β-decay transitions in 54Cr have
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been presented and compared with the large scale shell model calculation of
Petermann et al. All models display different degree of GT fragmentation over
many daughter states. Bulk of GT strength in 1+ states have been concentrated
in different energy ranges in different models. They are placed at energy intervals
of 2.5–10 MeV in pn-QRPA model , 10–20 MeV in SM (C) model and 8–16 MeV
in shell model calculation. The PM (B) model shows very poor fragmentation.
We attribute this to the neglect of deformation in the model. The assumption of
spherical nuclei in PM (B) model leads to a concentration of most of the strength
in one particular state. The total B(GT )− strength calculated by PM (B) model
is 6.68. This is to be compared with the values of 8.45 and 11.19 calculated by
the pn-QRPA and SM (C) models, respectively. The pn-QRPA model places
the centroid at 6.10 MeV in 54Mn whereas the SM (C) model places the centroid
at more than twice this energy.
We finally compare our calculated total B(GT )+ values for
56Cr with SMMC
model and results are shown in Table 6. For this even-even isotope of chromium,
the SMMC and pn-QRPA results are in very good agreement. The SM (C)
model calculates the highest value whereas PM (B) bagged a paltry strength of
0.09.
4. Summary and conclusions
From various studies of the presupernova evolution of massive stars, it was
concluded that weak-interactionmediated reactions in chromium isotopes (along
with other fp-shell nuclei) play a key role in the notorious and complex dy-
namics of supernova explosion. For more results concerning weak rates of
other key fp-shell nuclei using the pn-QRPA model, see (Nabi & Rahman,
2005; Nabi et al., 2007; Nabi & Sajjad, 2008; Nabi, 2009, 2010, 2011, 2012;
Nabi & Johnson, 2013). Owing to the evidence of strong connection between su-
pernova explosion and the r-process nucleosynthesis (see e.g. (Cowan & Thielemann,
2004)), we felt motivated to calculate and study the GT transitions in isotopes
of chromium.
Six different QRPA models were used to calculate and study the GT transi-
tions in twenty-four (24) isotopes of chromium. These included many important
neutron-deficient and neutron-rich nuclei. The idea was to study the theoretical
uncertainty involved in the QRPA models. The different models studied the
effect of particle-particle interaction, particle-hole interaction and deformations
in QRPA calculations. It was concluded that PM (B) calculated the lowest
B(GT) strength values and failed to produce the desired fragmentation of the
strength. As discussed before, the neglect of deformation in PM (B) model led
to a concentration of most of the strength in one particular state. Interaction
with a deformed mean field leads to fragmentation of the GT 1+ state and
of GT strength (Hirsch et al., 1993; Onishi et al., 2005). The incorporation of
deformation in the PM (B) model might improve the situation and we are cur-
rently working on this. The PM (B) and SM (C) models did satisfy Ikeda Sum
Rule (ISR) for even-even cases but posed some deviations for the case of odd-A
chromium isotopes. The SM (C) model calculated biggest values of total GT
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strength but at the same time also placed the GT centroid at high excitation
energy in daughter nucleus. In the PM, the inclusion of pp interaction resulted
in higher placement of centroid values in daughter nuclei. Similarly the inclusion
of deformation in the SM led to calculation of bigger values of centroid. The
pn-QRPA model displayed a tendency to calculate lower centroids which can
translate to bigger weak rates in stellar environment. The SM and PM models
satisfy ISR for even-even isotopes of chromium. The pn-QRPA model satisfied
the ISR for both even-even and odd-A cases.
Our calculations were also compared with previous measurements and theo-
retical calculations wherever available. All our models showed decent compari-
son with previous measurements/calcuations in relevant cases. Of special men-
tion is the very good agreement of pn-QRPA result with the measured B(GT )−
strength distributions in 50Cr. It is hoped that the predicted GT strength dis-
tributions for the neutron-rich and neutron-deficient chromium isotopes would
prove very useful for core-collapse simulators and other related network calcu-
lations.
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Figure 1: Comparison of total calculated B(GT)
−
in all six QRPA models. The upper panel
shows result for even mass chromium isotopes while the lower panel depicts result for odd
mass.
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Figure 2: Same as Fig. 1 but for total B(GT)+.
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Figure 3: Same as Fig. 1 but for centroid of calculated GT distributions in β-decay direction.
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Figure 4: Same as Fig. 1 but for centroid of calculated GT distributions in electron capture
direction.
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Figure 5: Same as Fig. 1 but for width of calculated GT distributions in β-decay direction.
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Figure 8: HFB+QRPA calculation reproduced from (Bai et al., 2013)
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Figure 10: Comparison of calculated B(GT)
−
strength distributions in 50Cr with mea-
surements and other theoretical model. Exp. 1 shows measured values by (Fujita et al.,
2011), Exp. 2 by (Adachi et al., 2007) while KB3G shows shell model calculation by
(Petermann et al., 2007). ω represents excitation energy in 50Mn in units of MeV.
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Figure 12: Comparison of calculated B(GT)
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strength distributions in 54Cr with shell model
calculation (Petermann et al., 2007). ω represents excitation energy in 54Mn in units of MeV.
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Table 1: Comparison of SM (C) and pn-QRPA calculated total B(GT )+ values in 46Cr, up
to 1 MeV in daughter nucleus, with measurement and other theoretical models (Exp, FPD6,
KB3, GXPF2 (Onishi et al., 2005) and QD (Lisetskiy et al., 2001)).
Models
∑
B(GT )+
SM (C) 0.19
pn-QRPA 0.49
Exp. 0.64±0.20
FPD6 0.51
KB3 0.31
GXPF2 0.35
QD 0.41
Table 2: Comparison of calculated total B(GT ) values in 48,49Cr with other theoretical models
(SMMC (KB3) (Langanke et al., 1995) and Shell Model (KB3) (Mart´ınez-Pinedo et al., 1997;
Caurier et al., 1994)).
Models 48Cr 49Cr∑
B(GT )−
∑
B(GT )+
∑
B(GT )−
∑
B(GT )+
SM (C) 3.37 3.12 3.33 3.14
PM (B) 0.16 0.16 0.24 0.32
pn-QRPA 3.33 3.33 3.31 2.23
SMMC (KB3) 4.37±0.35 4.37±0.35 - -
Shell Model (KB3) 4.13 4.13 - 4.13
Table 3: Comparison of calculated total B(GT )
−
value in 50Cr with measurements and other
theoretical models (Exp. 1 (Fujita et al., 2011), Exp. 2 (Adachi et al., 2007), LSSM (KB3G)
(Petermann et al., 2007)). The second column gives total GT strength value up to 5 MeV in
daughter nucleus and the right column up to 12 MeV.
Models 50Cr∑
B(GT )−
∑
B(GT )−
SM (C) - 0.41
PM (B) 0.18 2.19
pn-QRPA 2.79 4.65
Exp. 1 1.49 -
Exp. 2 - 2.69
LSSM (KB3G) 1.53 5.20
Table 4: Comparison of calculated total B(GT )+ value in 50Cr with other theoretical models
(Shell Model (KB3) (Caurier et al., 1995) and SMMC (KB3) (Langanke et al., 1995)).
Models 50Cr∑
B(GT )+
SM (C) 2.61
PM (B) 0.12
pn-QRPA 2.49
Shell Model (KB3) 3.57
SMMC (KB3) 3.51±0.27
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Table 5: Comparison of calculated total B(GT ) values in 52,53,54Cr with other theoretical
models (LSSM (KB3G) (Petermann et al., 2007), SMMC (KB3) (Langanke et al., 1995) and
Shell Model (KB) (Nakada & Sebe, 1996)).
Models 52Cr 53Cr 54Cr∑
B(GT )
−
∑
B(GT )+
∑
B(GT )
−
∑
B(GT )+
∑
B(GT )
−
∑
B(GT )+
SM (C) 8.14 3.78 6.57 3.66 11.19 5.12
PM (B) 4.57 0.18 1.46 0.12 6.68 0.17
pn-QRPA 6.55 2.21 5.91 0.51 8.45 1.95
LSSM (KB3G) 8.85 - - - 11.13 -
SMMC (KB3) - 3.51±0.19 - - - 2.21±0.22
Shell Model (KB) 17.4 4.3 20.1 3.8 22.4 2.9
Table 6: Comparison of calculated total B(GT )+ values in 56Cr with SMMC (KB3)
(Langanke et al., 1995).
Models 56Cr∑
B(GT )+
SM (C) 5.32
PM (B) 0.09
pn-QRPA 1.31
SMMC (KB3) 1.5±0.21
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